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ABSTRACT 

An experimental study was made of the conditions necessary t o  

promote inc ip ien t  separaCion of a turbulent  boundary layer i n  

two-dimensional supersonic flow over a compression corner, 
aim w a s  t o  extend Kuehn's earlier results t o  higher Reynolds 

numbers. Measurements were obtained fo r  Mach numbers i n  the 

range 2 t o  5 and at Reynolds numbers, based on the  boundary- 

layer thickness ,  i n  t he  range 10 

magnitude grea te r  than those reported earlier. 
w a s  t h a t  t h e  t rend  w i t h  Reynolds number establ ished by Kuehn 
fo r  the pressure rise f o r  incipient  separation does not continue 

t o  the high Reynolds number values o f  t he  present experiments; 

i n  fact, it is reversed. Pressure dis t r ibu t ions  were  a lso  

obtained for  conditions with and without separation. 

la t ter  case,  the upstream influence w a s  considerably less than 
one boundary-layer thickness and the i n i t i a l  pa r t  of the  pres- 

sure  rise was prac t i ca l ly  a jump, suggesting tha t  the oblique 
shock has its o r ig in  deep i n  the boundary layer. 

The 

6 t o  lo7 ,  nearly two orders of 
The main result 

- 

For the 
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INCIPIE3T SEPARATION OF A TURBULENT BOUNDARY LAYER 

AT H I G H  REYNOLDS NUMBER I N  TWO-DIMENSIONAL SUPERSONIC FLOW 

OVER A COMPRESSION CORNER 

By G. J. Thomke and A. Roshko* 

McDonnell Douglas Astronautics Company - Western Division 
Santa Monica, C a l i f .  

SUMMARY 

An experimental study w a s  m a d e  of t h e  conditions necessary t o  promote 

inc ip ien t  separation of a turbulent boundary layer  i n  two-dimensional 

supersonic flow over a compression corner. 
Kuehn's earlier r e su l t s  (ref. 1) f o r  incipient  separation t o  higher 

Reynolds numbers. 

6-in. 

conjunction w i t h  a ramp whose incl inat ion w a s  variable and controllable.  

Measurements w e r e  made  at nominal Mach numbers of 2 ,  3 ,  4, and 5 f o r  

Reynolds numbers i n  the range 10 t o  10 

approximately two orders of magnitude greater than those reported 

earlier. 
by Kuehn f o r  the pressure rise f o r  incipient  separation does not con- 
t inue t o  the  high Reynolds number values of the present experiments: i n  

fact ,  it is reversed. 

The a i m  w a s  t o  extend 

This w a s  accomplished by u t i l i z i n g  the thick (3- t o  

boundary layer  on the  w a l l  of a large supersonic wind tunnel,  i n  

8 9 (equivalent flat p la te  values) ,  

It w a s  found t h a t  t h e  t rend w i t h  Reynolds number established 

Pressure dis t r ibut ions were obtained f o r  conditions w i t h  and without 

separation. 

less than one boundary-layer thickness and the i n i t i a l  par t  of the Dres- 

For the  la t ter  case, the upstream influence w a s  considerably 

sure rise w a s  prac t ica l ly  a j m p ,  suggesting that  the oblique shock has 

i t s  or igin deep i n  the  boundary layer .  

-- - --- - - .- _.-- -- * Consultant; also Professor of Aeronautics, Graduate Aeronautical 
Laboratories, California I n s t i t u t e  of Technology. 
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INTRODUCTION 

A supersonic turbulent  boundary layer  can withstand without separation 

a cer ta in  amount of sudden pressure rise, such as t h a t  imposed by an 

impinging shock wave (ref. 2) o r  by a compressicm corner (ref. 3 ) .  
is not c l ea r  a p r i o r i  how t h i s  maximum pressure rise w i l l  depend on Mach 

number and Reynolds number. 
t ha t  it increased w i t h  increasing Mach number, decreased with increasing 

Reynolds number (a t  Mo = 3 t o  41, and seemed prac t ica l ly  insensi t ive t o  

Reynolds number at Mo = 2. 

numbers, of decreasing resistance t o  separation w i t h  decreasing skin 
f r i c t i o n  coeff ic ient  seems intuitiveAy correct ,  and is  similar t o  t h e  

t rend described by Chapman, Kuehn and Larson ( re f .  4) f o r  the separation 

pressure i n  the free-interaction region ahead of a fu l ly  separated flow. 

On t h e  other  hand, Zukoski (ref. 5) concludes from h i s  correlation of 
data over a w i d e  range of Reynolds number tha t  the free-interaction 
separation pressure i s  independent of Reynolds number. 

trends f o r  plateau pressure o r  f o r  separation pressure in  the  free- 

interact ion reaion of a rUlly separated flow need not be similar t o  thc 

trends f o r  incipient  separation conditions. But the plateau pressure 

must be lower than the pressure rise f o r  incipient  separation, and thus  

the l a t te r  could not continue t o  decrease indef in i te ly  w i t h  increasing 

Reynolds number. 

It 

I n  h i s  experiments ( ref .  11, Kuehn found 

The tendency, at least at the h i b e r  Mach 

O f  course, the 

This question of the dependence of separation parameters on Reynolds 
number is  of considerable p rac t i ca l  importance: i n  addition, i t s  accu- 

rate determination should be helpful  i n  affording some understanding of 

the basic f l u i d  mechanics. 

The present experiments w e r e  motivated, t o  some extent ,  by the authors 

earlier attempts (ref.  6)  t o  f ind  a simple correlation of Kuehn's data 

f o r  the pressure rise f o r  incipient  separation. 

boundary-layer parameters, go and C 

free stream during the onset of separation, one is led t o  an analysis 

Assuming that  the gross 

determine the  interact ion w i t h  the 
f~ ' 
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l i k e  t h a t  used by Chapman, Kuehn and Larson f o r  t h e  free interact ion 
problem, except t h a t  now one takes the  Dressure rise. Ap, t o  be given 

(applied) rather than free. 
a l i n e a r  dependence on C 

f o r  a free in te rac t ion) .  

Kuehn's data f a i r l y  wel l ,  as shown i n  figure 1, which implies 

This r e su l t s  i n  the  rule  { A P ) ~  a Cf f i .e. . 
0 

instead of the  square root dependence found 
f O  

A l i neas  dependence of (Ap)i on C correlates 
fo  

Some results f o r  incipient  separation due t o  shock-wave boundary-layer 

interact ions (ref.  1, 2 ,  and 7) and the oft-quoted conditions f o r  i n c i r -  

i en t  separation on transonic airfoils (ref. 8) are a lso  correlated on 

t h i s  figure. The correlat ion,  however, is far from perfect , particu- 

l a r l y  at Mo = 2. 

With increasing Reynolds number, C decreases. I f  one accepts t h e  

correlation given by figure 1, pi/po should decrease as shown i n  f i v e  

2 ,  which i s  derived from figure 1 ( c f .  ref. 6 ) .  
i n  f igure 2 are curves which Kuehn obtained by crossplott ing h i s  data. 

fO 

Shawn f o r  comparison 

The experiments reported here  were therefore designed fo r  as hiFh a 

Reynolds number as possible i n  order t o  establish a t rend w i t h  r e s w c t  

t o  Kuehn's results and t o  determine the merit of t h e  correlat ion.  In  
addition, t h e  Reynolds number w a s  varied over the widest  range allowed 

by the  wind tunnel operating parameters, i n  order t o  e s t a b l i s h  independ- 

ently the  Reynolds number trends over the range of these experiments. 

l oca l  skin f r i c t i o n  coeff ic ient  
cf 
M Mach number 

n 
P pressure 

1 /n veloci ty  p ro f i l e  parameter, e . g . ,  d u e  = (y/6) 
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AP pressure d i f f e r e n t i a l  

"d orifice-dam pressure d i f f e ren t i a l  
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reattachment point ;  &so, recovery fac tor ,  r = 0.89 

uni t  Reynolds number 

Reynolds number based on boundary-layer thickness 

equivalent f la t -plate  Reynolds number based on the  distance from 
the  v i r t u a l  or igin of t he  boundary layer  

Reynolds number based on boundary-layer momentum thickness 

separation point 

temperature 
recovery t e q e r a t u r e  

velocity 

= T~ ci + r ( y  - 1)~.?/21 Tr 0 

streamwise distance from v i r t u a l  or ig in  of the  boundary layer 

distance i n  the  streamwise direction alonR t h e  model surface 
( x  = 0 at t h e  hinpe center l ine)  
distance along a normaf t o  the  model surface (y  = 0 at t h e  model 
surface ) 

distance i n  a spanwise direct ion ( z  = 0 at mid-saan and is  p,osi- 
t i v e  t o  t h e  ri&t looking upstream) 

wedge angle f o r  ramp 

r a t i o  of spec i f ic  heats .  y = 1.4 f o r  air 

dummy variable  re fer r ing  t o  6 ,  6" o r  8 

boundary-layer thickness 

boundary-lqyer displacement thickness 

boundary-layer momentum thickness 

density 

Subscripts 

condition at the  corner (x  = 0+) 

condition at the outer  edge of t he  boundary layer 

condition f o r  incipient  separation 

condition at t h e  hinge centerline f o r  a = 0 

condition at t e s t  sec  ion s t a t ion  84.0 for  a tunnel un i t  

tunnel  t o t a l  conditions 

Reynolds number of 10 2 / in .  
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W condition at the w a l l  
1 condition downstream of the interact ion calculated assuming 

the flow approaching the  corner is turned inviscid3.y by an 
oblique shock f o r  given values of Mo and a 

APPARATUS AND TEST METHODS 

T e s t  Fac i l i t y  

The experiment waa conducted i n  the McDonaell Douglas Astronautics Co. - 
Western Division (MDAC-WD) 4- by 8-foot Trisonic Wind Tunnel located at 
the Douglas Aerophysics Laboratory, El Segundo, California. The tunnel 
is an intermit tent  blowdam-to-atmosphere type f a c i l i t y .  

tive i n  the Mach number range 0.2 t o  5.0 over a nominal. un i t  Reynolds 
6 6 number range of 0.3 x 10 per in .  t o  3.6 x 10 per i n .  at stagnation 

temperatures from 60'F t o  227'F. 
decreases monotonically 10 t o  I S O F .  
nozzle are f lex ib le  plates which are automatically positioned f o r  desired 

It is opera- 

During a run, stagnation temperature 
The top and bottom walls of the 

contours by meens of e lectr ics l ly-dr iven screw jacks. The tunnel is 

equipped with a 12-ft long, porous-walled, transonic ca r t  for t e s t ing  
i n  the Mach number range 0.7 t o  1.2, and has an air-driven e jec tor  

system t o  facilitate low Reynolds number t e s t i n g  at supersonic Mach 

numbers. 

The supersonic test secticm is normally 5 feet l a g ,  but f o r  the present 
study the length w a s  increased t o  17 feet by placing the transonic car t  

i n  the  tunnel c i r c u i t  and replacing the porous w a l l s  w i t h  s o l i d  plates. 
I n  t h i s  configuration, the  ca r t  is essent ia l ly  composed of a 48-in. 
square duct w h i c h  passes through au 8-f% i n t e rna l  diameter by 12-f% long 
cyl indrical  outer shell.  A l l  par t ing  l i n e s ,  plate Junctions , and screw- 

head recesses i n  the tes t  sect ion w e r e  sealed and faired i n  w i t h  tank , 

sealer (MIL-S-75020) so as t o  provide a surface as aerodynamically smooth 

as possible, and t o  prevent high-pressure air fram leaking in to  the tes t  
sect ion from the chamber which ex is ted  between the duct arid the  outer  
she l l .  

5 



The longitudinal Mach number gradient of the freestream is approximately 

- O . O 0 4 / f t  and -O.O02/ft at M = 2 and 5 ,  respectively. 
is w i t h i n  + - 0.5-percent i n  Mach number. A more complete description of 
the tunnel is given i n  reference 9. 

Flaw uniformity 

Model 

The compression corner is  formed by attaching a ramp t o  t he  f loor  of the 

tunnel test sect ion (figs. 3 and 4) .  
is an extension of the nozzle, t he  boundary lalyer is free of dis tor t ions 

from flows such as those that are induced i n  the side w a l l  boundary 

layers by the non-uniform pressure f ield i n  the  nozzle. 

sists of a 36-in. square steel plaOe i n  two sections:  
sect ion is 26-in. i n  length and hinged t o  the test sect ion f loo r ;  the 

t rd l ing-edge  sect ion is 10-in. long and is detachable. The hinge is 

Because the f loo r  ( l i k e  the ce i l ing)  

The ramp con- 
the leading-edge 

mounted flush w i t h  ~espect t o  the ramp and f loo r  surfaces.  

minimize flow in te rac t ion  problems associated with the test section side- 

w a l l  boundaq lwers and bleed flow from o r  i n t o  the region where m e a s -  
urements are m a d e ,  side-plates are fi t ted t o  the model ( f ig .  3). 
side-plate is 24-in. high, 72-in. long, and has a sharpened leading edge 

t h a t  is swept i n  the aft d i r e c t i m  at an angle of 24 degrees w i t h  re- 
spect t o  the test sect ion f loor .  An i n s t a l l a t ion  photograph of the model 

is Shawn i n  f igure 4. The center l ine of the hinge is located 148-in. 

downstream from the beginning of the supersonic test sectim, i .e.,  the 

end o f  the nozzle, w h i c h  is at a fixed posit ion.  

supported with brackets attached t o  the f loo r  and s i d e w a l l s  of t he  test 
sect ion,  and the 72-in. edges are centered about the hinge center l ine.  

The hinge surface is sealed with a sin&e lqyer of baggage tape (0.01-in. 

thick by 2-in. wide). 

seals which wipe against  the  &da-plates, and the f loor  edge of each si& 

plate is sealed w i t h  a gasket, 

In order t o  

Each 

Sideplates are 

The side edges of the ramp are f i t t ed  w i t h  O-ring 

The rarnp is hydraxzlicaZly actuated, and i ts  incl inat ion (compression- 

corner angle, a) is continuously variable through the range 0 t o  45 
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degrees. 

two 2.5-in. bore hydraulic cylindms . 
a run the  pamp can 'be deflected i n  a pitch-and-pause mode t o  a maximum 

of s i x  preset values of a and hydraulically locked at each pause posi t ion.  

Movement of the  ramp is accomplished with one b i n .  bore plus 

Provisions are made so t h a t  during 

Instrumentation 

The ramp and test  sect ion are instrumented w i t h  0.05-in. diameter pres- 

sure o r i f i ce s  and one copper-constantan thermocouple arranged as follows : 

Sixty-five o r i f i ce s  are located on the centerline (z = 0) of 

the ramp and t h e  tunnel f loor .  The o r i f i ce s  are smaced at 

1-in. in te rva ls  near the hinge and 2-in. or 4-in. in te rva ls  

at distances greater  $hen 18 i n .  from the  hinge. 

A longitudinal row of 33 o r i f i ce s  are located at z = (3.0 i n .  
These o r i f i ce s  are generally spaced at 2-in. in te rva ls .  

Gpanwise rows of o r i f i ce s  are located at x = -24.0 i n .  (14 
o r i f i c e s ) ,  x = -6.0 in .  (13 o r i f i c e s ) ,  and x = +2.0 i n .  (15 

o r i f i c e s ) .  

t e rva l s .  

The o r i f i ce s  we generally spaced at 2-in. in- 

Twenty-four sets of o r i f i ce s  are placed i n  a staggered array 

i n  B region bounded by -18 - -  z - < 0 i n .  and -24 -- < x - < 26 i n .  

Each set  con.taina two o r i f i ce s  which w e  at the same x loca- 

t i o n  but are generally separated a spanwise distance of  one 

inch. 
O.l?-in. w i d e ,  0.45-in. long), termed an o r i f i ce  dam, i s  

cemented t o  the  model surface just upstream o r  downstream 

of each o r i f i ce .  

A s m a l l  wedge-shaped obstruction (0.05-in. high,  

I n  each se t ,  the o r i f i ce  nearest the model 

centerline has a dam just upstream of it wi th  the s lanted 

surface facing the  -x direct ion;  the  other has a dam j u s t  
dawnstream of it with the  s lanted surface facing the +x 

directiion. These orifice-dam sets are par t  of a technique, 
t o  be described la ter ,  f o r  determining: the flow reversal  

points i n  regions of separated flaw. 
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One of the side pla tes  is instrumented with 7 o r i f i ce s .  

o r i f i c e s  are on 2-in. centers along a normal t o  the f loor  

at x = 0. 

y = 1.0 i n .  

The 

The o r i f i c e  nearest  t he  f loo r  is at a height 

Nineteen o r i f i ce s  are  dis t r ibu ted  on 6-in. centers along the 

center l ine of the tes t  section roof. 

A copper-constantan thermocouyle is imbedded 0.06 i n .  below 
t h e  surface of the  f loor  of the tes t  section at x = -6.0 i n .  

Model nressures are sensed w i t h  'j-psia, 10-psia, and 15-psid transducers 

referenced t o  a near vacuum (approximately l 5 p  Ha). 
w e r e  i n s t a l l ed  i n  pressure-switching devices. A Imown monitor pressure 
was apDlied t o  each transducer twice during each scanning cycle of the  

Dressure switch ( i n  e f f e c t ,  an i n  s i t u  cal ibrat ion of the transducer at 

each a ) .  The accuracy of t he  system i s  estimated t o  be 0.25-percent of 

t h e  ful l -scale  range of the  end instrument. 

Most transducers 

The ramp posit ion indicator  assembly consists of a ra tche t ,  an t i -  
backlash gear  t r a i n ,  and potentiometer. The device is cal ibrated w i t h  

an inclinometer. 

degree w a s  obtained i n  the  measurement of a. 

It is  estimated t h a t  an accuracy of bet ter  than - +0.05 

Procedure 

The experiments w e r e  conducted at nominal Mach numbers 2, 3, 11,  and 5 ,  
at two t o  four  values of Reynolds number for each Mach number. During 

a run, data were obtained at constant Mach number and Reynolds number 

conditions by pi tching the  ramp i n  a pitch-and-pause mode t o  preset 

values of a, t h e  number (from 1 t o  5 )  depending upon available run t i m e .  

Data were recorded at each a se t t i ng ,  and then tabulated and p lo t ted  on 

an "as-run'' basis.  The avai lab i l i ty  of as-run data w a s  extremely help-  

f u l  fo r  the  purpose of select ing values of a during the search f o r  ai. 

8 



A summary of test  conditions is given i n  table 1. 

changes were accomplished primarily by changinFr, tunnel t o t a l  pressure.  

Reynolds number 

From 2 t o  5 runs were required t o  obtain data reported f o r  each R 0 

value shown i n  table 1. 

percent of t h e  average value obtained for  a previous run. 
data w e r e  obtained at M = 2 fo r  a 2. 13 degrees because the model b lack8p 
was too great t o  avoid shock-reflection interference from t h e  upper trnll. 

Reynolds number repea tab i l i ty  w a s  within 2- 

Eo val id  

The experimental method used t o  detect  points of flow reversal is  c a l l ~ d  
the orifice-darn technique. A description of the dams and t h e i r  arrance- 
pent w a s  given i n  a previous sect ion,  Each o r i f i c e  and dam conbination 

i s  a rough approximation of a surface-pitot (Preston) tube.  I n  "forward" 
flow. i . e . ,  flow approaching the slanted surface,  the  o r i f i ce  should show 
a decrease of pressure, compared t o  the  c lear  surface pressure,  since tl-iz 

o r i f i c e  is  on the  "base" s l ide  of the dam; whereas i n  "reverse flow" , j . e .  , 
flow approaching from the base s ide  of the dam, it should show an increase.  
As used i n  t h i s  study, t he  pressure d i f f e ren t i a l  between the or i f ices  i n  a 

given o r i f i c e  dam p a i r  was posi t ive i f  the flow at the  surface were i n  a 
streamwise d i rec t ion ,  it w a s  negative i f  t he  flow were i n  a upstream dlrec- 
t i o n ,  and it was zero at the reversal. (stagnation) point .  

FtESULTS AND DISCUSSION 

Boundary-Layer and Skin-Friction Data 

The boundary-layer and skin-friction data presented in  table 1 w e r e  de- 

rived from experimental results reported i n  reference 10. A brief  de- 

scr ipt ion of tha t  investigation w i l l  be given here fo r  the sake of com- 
pleteness i n  t h i s  report .  

For t h e  study (ref.  lo), the tunnel configuration w a s  a l m o s t  iden t ica l  

t o  t h a t  used i n  the  present experiment, the  difference being t h a t ,  

except f o r  required instrumentation, the test  sect ion w a s  c lear .  Surface 

pressure,  surface temperature, and pitot-pressure prof i le  measurements 

were obtained f o r  the  boundary layer  on the  tes t  section f loor  at s ta t ions  

9 



84,O and 172.2 in .  

referred t o  as Preston tubea, of 0,063-in. 0.1). and 0.010-in. wall w e r e  
distributed spanwise st both t e a t  &&ions. 
mounted i n  a nmner which Buplicated, as nearly as possible, tha t  reported 

by Hopkins and Keener (ref. 11) for  t h e i r  measurements. Measurements w e r e  
obtained at nominal Mach numbers 2 t o  5 i n  half  Mach number increments for  

1 t o  5 values of tunnel unit Reynolds number fo r  each Mach number. 

I n  addition, several surface p i to t  tubes, commonly 

The surface p i to t s  were  

Mach number prof i les  were computed i n  the usual way:  

was assumed constant through the boundary layer,  and Raylei&'s pitot-  

the w a l l  pressure 

s t a t i c  pressure formula w a s  used t o  cslculate M. 
profiles were calculated assuming that  the temperature through the boundary 
lsyes was given by the following modified version of the expression obtained 

Velocity and density 

by Crocco f o r  laminar f law:  

- T /T ) ( u / u ~ )  - (Tr/Te - l)(U/ue) 2 
w e  = T /T + (T=/T, w e 

By replacing u/ue, Tw/Tey and Tr/Te i n  equation 1 with 

u/ue = (M/Me)(T/Te) 1/2 

= ( T ~ / T ~ )  [ i  + (y-i)</21 

= 1 + r (y-1.)</2 Tr/Te 

one arr ives at a quadratic equation that is s o l v a ~ e  for (T/T,P~ i n  
terms of y ,  r, Twy Tt, Me and M. 

The boundary-layer thicknesses 6* and 8 were determined by integrating 
graphically the following expressions : 

10 



The Mach number and velocity prof i les  were typical. of those foun6 for  

a turbulent boundary layer  a t  high Reynolds number, i .e.  t he  prof i les  

were qui te  fW.1, as shown i n  figure 5 .  
of the  veloci ty  p ro f i l e  could be represented by a l/n-type power law, 

n w a s  determined t o  be the slope of t he  best s t ra ight- l ine f i t  t o  
logarithmic values of y and u. 
11 ( c f .  t ab l e  1). Because of the asymptotic behavior of t h e  velocity 
at la rge  y values, 6 w a s  a r b i t r a r i l y  selected t o  be the value of y at 

the  point where the  6* integrand w a s  equal t o  0.01 ( f ig .  5 ) .  This pro-  

cedure yielded a consistent set of 6 values amenable t o  analysis. 

the Preston-tube cal ibrat ion equation developed by Hopkins and Keener 
(see f ig .  8a of ref. 11) and the measured surface p i to t  pressure, e t c . ,  

local skin-friction coeff ic ients  were calculated.  

Assuming t h a t  the outer portion 

The value for  n ranged between 9 and 

Usinp 

The relat ionship which gave the best  f i t  t o  t h e  boundary-layer thick- 

ness  parameters w a s  

l / t 3  
A/; = f ( M ) / R - ,  

where A i s  a dummy variable representing 6 ,  6*, or 0 ,  and f(M) is some 

function of Mach number. Furthermore, the skin-friction data correlated 

according t o  the rule 

One can a r r ive  ana ly t ica l ly  a t  the  foregoing expression for  Cf by using 

equation 7 and the expression 

which holds for two-dimensional compressible flow over a f la t  p la te  i n  
zero pressure gradient. The form of equation (7) is  ident ica l  t o  tha t  

given by Tucker (ref. 1 2 )  except thBt here the experimental data are 
proportional t o  R - l j 8 ,  whereas Tucker proposed a R -1/7 dependency. The 
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values of Cf calculated using the  Preston-tube arrangement were found 

t o  be i n  agreement with those calculated using the  measured Re values 

and the equations of reference 13. 
ary layer  was determined far each M Using equation ( 7 )  and the 6* values 

measured at  t h e  two tunnel sCations. 

The effect ive origin of the bound- 

3 

6 * ,  8 x .) and Cf given in  tab le  1 were deter- 
0 

0’ 6oy o a’ o The values of M 

mined as follows: 

a)  Using t h e  data of reference 10 .) the values of 6 .) 6*, e t c . ,  

ex is t ing  at test  section s t a t ion  84.0 were determined for 

H = 10 /in. 6 

b) x was calculated using the  equation 
0 

c )  60, 6*, and eo were then calculated from the  following 

relat ionship obtained from equation (71, 

d )  S imi l a r ly ,  using equation 8, 

1/ 7 
Cf  /C = ( R  /Re 

o f R  ‘R o 

e)  M 

reference 10 for  tunnel stat+ion 172.2 i n .  

values were taken t o  be t h e  values o f  Me reported i n  
0 

It is  estimated tha t  e r rors  introduced through measurement and calcula- 
t i o n  procedures resulted i n  the  following maximum uncertaint ies :  

12 



Quantity 

6 

6" 
8 

c f - 
X 

M 

A c  c UT ac y 

10% 

3% 
3% 
10% 
10% 

0.5% 

Pressure Distributions 

The pressure d is t r ibu t ions  measured on t h e  model center l ine a re  pre- 

sented i n  figures 6 through 16 for the  conditions given i n  t ab le  1. 
broken l i n e s  appearing i n  each f igure represent the pressure rise correspond- 

ing 
of Mo and a. 

an2 r ,  respectively.  The flow-reversal points were determined from 

measurements made with the  o r i f i c e  dams. In each f igure,  the  f i l l e d  
symbol located a t  x = 0 designates the  pressure sensed on the ins t rmented  
side p l a t e  at a point 1 in .  above the  f loor .  It is shown fo r  reference 

purposes only, and cannot be taken t o  represent the surface pressure 

because dp/dy # 0 i n  t h a t  region. 

The 

t o  a n  ideal, oblique-shock compression of t he  flow for  specif ic  values 
Posi$ions o f  separation and reattachment are indicated by s 

The two-dimensionality of the flow approaching the ramp, ramp l e n e h  

ef fec ts ,  hysteresis  e f f ec t s ,  and da ta  repea tab i l i ty  are i l l u s t r a t e d  i n  

figures 9( i )  , 1 3 ( a ) ,  13 (c ) ,  and 13(g), respectively.  

ence between the  two sets of measurements i n  f igure U(a) can be at,tributed 

t o  t h e  0.16-degree difference i n  a. 

The s l i g h t  d i f f a r -  

Flow Not Separated 

The character of the pressure d is t r ibu t ions  a t  values of a below those 
fo r  incipient  separation was rather unexpected. For example, the data 

f o r  Mo = 2.95 ( f igures  8, 9, and 10) show t ha t  there is  l i t t l e  upstream 

influence ahead of the hinge for  low values of a. 

abruptly,  over a distance much less than one boundary-layer thickness. 

This feature  is  i n  sharp contrast  with the  data presented i n  reference 1, 

The pressure rises 

13 



where, at much lower Reynolds numbers, there  was a much greater  upstream 

"smoothening" , extending over several  boundary-layer thicknesses. 

each Reynolds number condition, the  surface pressure at  x = 0 (not ac tua l ly  

measured there ,  but determined by extrapolating through the values obtained 

f o r  + x )  increases with increasing a up t o  a l imi t ing  value. 
t h i s  value is reached does the  pressure d i s t r ibu t ion  begin t o  develop 

upstream of t h e  corner. 

tend t o  rise above the  ideal, oblique-shock values indicated i n  the  f igures;  
t h i s  tendency is pronounced fo r  the larger a values. It is a l so  noticed 
t h a t  points  near the downstream end of each pressure d is t r ibu t ion  do not 

def ine a curve as smoothly as do all the  others.  
not due t o  e r ro r s  i n  the instrumentation, but is  probably a t r u e  indication 

of pressure var ia t ion  i n  t h a t  region. 

For 

Only after 

The pressures at the downstream end of the ramp 

This i s  almost ce r t a in ly  

The features  which characterize the Mo = 2.95 data appear a l so  i n  figures 

U through 1 4  for  Mo = 3.93, and i n  figures 15 and 16 fo r  Mo 4.92. 

The s m a l l  upstream influence and t he  rapid rise of pressure near the corner 

suggests t h a t  a pressure d i s t r ibu t ion  may be idealized by a jump at  x = 0, 

t o  some value pc, followed by a gradual rise, over several  boundary-layer 

thicknesses,  toward the f i n a l  value. 

polat ing the measured pressure d i s t r ibu t ion  back t o  x = 0. 

ideal ized pressure d i s t r ibu t ion  is  sketched i n  f igure 17(a)  together with 

a model of t he  flow f i e l d  t h a t  can account fo r  it ( the significance of Mm 

is discussed la ter) .  
boundary-layer p r o f i l e  is ignored and the outer  portion is considered 

simply as a supersonic, ro t a t iona l  stream tha t  i n t e rac t s  inviscidly with 

the ramp. 
and is taken t o  be a t  the wall i tself .  

The value of pc is defined by extra- 
Such an 

In t h i s  model, a s m a l l ,  inner portion of the 

The lower edge of t h i s  layer  is defined by a Mach number Mw 

This ideal ized flow f ie ld  model i s  nearly the! same as that proposed by 
Rose et al ( r e f .  1 4 )  f o r  t he  case of oblique-shock impingement on a 

turbulent  boundary layer .  

portion of t h e  layer  was defined by a cha rac t e r i s t i c  break i n  the measured 

Mach number p r o f i l e ,  which occurred at about 10 percent of the boundary- 

layer  thickness,  but here it is defined by the value of Mw which W i l l  give 

In reference 14 ,  the lower edge- of t he  outer  

14 



the  observed jump i n  pressure t o  pc, due t o  the  oblique shock wave i n i t i a t e d  

by the  in te rac t ion  of the  M = Mw steaanline with the  corner ( f i g .  17). 
the  oblique shock pro9agates in to  t h e  regions of higher Mach number, it 

in t e rac t s  with the v o r t i c i t y  or  entropy layers ,  and produces compression 

waves which propagate downward onto the surface,  resu l t ing  i n  the  r i s ing  

pressure sketched below it. 
model, t he  case of figure 18 was  computed by a method of charac te r i s t ics  

program described i n  reference 15. 
extrapolated t o  a value at x = 0 chosen as p,; t h i s  then determines the  

value of Mw, and the measured M p ro f i l e  ( f igure 5 )  i s  faired in to  t h i s  

value a t  y = 0. 

w e l l  w i t h  t he  measured one (figure 18) .  
of p, and f4 

can eas i ly  be made. Near the end of the pressure r ise,  a t  t he  last  com- 

puted point shown, the  flow next t o  t h e  w a l l  becomes subsonic and the  

charac te r i s t ics  computation cannot be continued. It i s  in te res t ing  tha t  

the  measured pressure d is t r ibu t ion  follows the  computed values smoothly 
up t o  the  point but then begins t o  show some variation. 

comment tha t  those var ia t ions are real; it i s  believed t h a t  they are 

connected with t h e  development of a sonic o r  subsonic region near t h e  

surface. 

As 

To invest igate  the  appl icabi l i ty  of such a 

The measured pressure d is t r ibu t ion  i s  

The resu l t ing ,  computed pressure d is t r ibu t ion  agrees very 

Variations of the i n i t i a l  choice 
indicate  t h a t  the sens i t i v i ty  is  such that a reasonable choice 

W 

Hence the earlier 

For the case calculated i n  f igure 18 (Mo = 3.93 ,  6o = 4.78 i n . ) ,  it w a s  

necessary t o  choose Mw = 2.04 t o  match the  i n i t i a l  pressure jump, T h i s  

value i n  the  Mach number p ro f i l e  actual ly  occurs a t  a distance of about 

0.2 inch. from the  wall. By contrast ,  the  thickness of the  viscous sub- 
layer  defined i n  t h e  conventional way (y  = 1 0 )  i s  about 0.004 in .  ( r e f .  

16 ) .  
is  considerably laxger than tha t  of the  viscous sublayer , but s t i l l  s m a l l  

compared t o  the boundary-layer thickness (0.04 

How t o  determine it theore t ica l ly  i s  the  in te res t ing  question. 

+ *  

Thus, t he  thickness of the  matching sublayer which determines Mw 

i n  t h e  present case) .  

The Case at Mach Number 2 

Figures 6 and 7,  fo r  Mo = 1.95 data ,  present qu i te  a d i f fe ren t  picture  
from that  obtained a t  higher Mach number. The s l igh t  pressure bump 
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upstream of the  main interact ion i s  probably extraneous; it may be due t o  

weak waves or iginat ing a t  t h e  vertex of each s ide plate .  

rise, then, again occurs abruptly,  but now at about a half boundary-layer 

thickness upstream of the  corner. 

values of pressure above those corresponding t o  the  jump through a simple 

oblique shock wave. 

smallest ramp angle and becomes r e l a t ive ly  smaller with increasing angle. 
After overshoot, the  pressure dips down t o  the  oblique shock value, i n  

every case, and then increases again s l i gh t ly .  

The pressure 

More remarkable is the overshoot t o  -- 

The overshoot i s  la rges t  (about 50 percent) for  the  

An overshoot could occur for  the following reason. 
if M happens t o  be less than Mm, then i n  the interact ion between an 

oblique shock or iginat ing from the corner w i t h  the layers  at higher  Mach 

number t h e  family of waves directed downward toward t h e  ramp surface 

( f igure  1 7 )  i n i t i a l l y  are expansion waves and l a t e r  become compression 
waves (once Mm is passed); t he  r e su l t i ng  surface d is t r ibu t ion  should 

resemble t h a t  sketched i n  par t  (b)  of f igure 17. 

Referrins: t o  figure 19, 

W 

However, t h e  observed overshoot i n  f igure 6a fo r  a = 5.16 degrees, for  

example, i s  considerably higher than could be accounted for  by a n  attached 

wave, and one has t o  conclude t h a t  the value of Mw i s  so l o w  t h a t  the 

shock wave is detached from the corner. This idea is  l en t  support by the 
f a c t  t h a t  the i n i t i a l  pressure jump occurs not at t h e  corner but, upstream 

of it. To make calculat ions based on t h i s  model is  obviously much more 
problematic than fo r  the case w i t h  an attached wave and a f u l l y  supersonic 

f i e l d  downstream of it. 

Incipient  Separation 

The main object ive of t h i s  investigation w a s  t o  determine the conditions 

fo r  incipient  separation, i .e. ,  t he  first appearance of flow reversal  

near t h e  corner. 

reversa l  i s  ca l led  the  orifice-dam technique and i s  essent ia l ly  an exten- 

sion of t ha t  used previously ( re fs .  17 and 18) i n  base flow studies  t o  

de tec t  t h e  reattachment point.  

The experimental method used t o  detect  points of flow 

16 



An i l l u s t r a t i o n  of the  results typ ica l ly  obtained and the method used t o  
determine the inc ip ien t  separation conditions is given i n  f igure 20 f o r  

!do = 3.93, Ro = 0.443 x 10 / in .  
tial, Apd, for  each orifice-dam pa i r  is  normalized with respect t o  the  

f'reestream pressure,  po, and p lo t ted  versus the x-location of the set. 

For a = 26.82 degrees, the  boundary layer  separated near x = -8 in .  and 

reattached near x = 2 in .  ( c f .  f ig .  ll(h)). The data indicate  that  t h e  

boundary layer  is not separated for  a = 21.98 degrees ( c f .  f i g .  l l ( e )  1.) 
and ai is  between 21.98 and 22.47 degrees. 

t o  determine the  incipient  separation angle,  a is shown i n  f igure 

20(b) , where t h e  Apd/p, values obtained fo r  t h e  orifice-dam pa i r  located 

one inch upstream of the  corner are plot ted versus a. The value fo r  a 

at which t h e  curve drawn through t h e  experimental data  in t e r sec t s  t he  
Apd/po = 0 ordinate i s  taken t o  be a 

Also plo t ted  on f igu re  20(b) , for  purpose of comparison, are data ob- 

tained for  t h e  orifice-dam pa i r  located one inch downstream of the 

corner. 

6 
In  f igure 20 (a ) ,  t h e  pressure differen- 

The method typica l ly  used 

i' 

( f o r  t h i s  case a 
i i = 22.4 degrees). 

Kuehn (ref .  1) associated incipient  separation w i t h  the  first appearance 

of a kink i n  the  pressure d is t r ibu t ion  near the corner. The development 

of such kinks i s  evident i n  figures 6 through 16.  
from the  f irst  appearance of  a kink requires pressure d is t r ibu t ions  f o r  

a series of c losely spaced values of a. Another poss ib i l i t y  is  t o  p lo t  

t h e  var ia t ion  of pressure near the  corner against  a and observe i ts  be- 

havior as it approaches the  l imit ing value of p,, described earlier. 

Such a p lo t  is shown i n  figure 21 for  t h e  surface pressure o r i f i c e  located 

one inch downstream of the  corner. The break corresponds t o  a = 22.2 

degrees. 

and i s  considerably higher than t h e  kink pressure p,/po = 2.5 a t  x = 0 ) .  

To de f ine  a accurately i 

i 
(The kink pressure l eve l  a t  t h i s  point (x = +1) is  p/p, = 3 

S t i l l  another way of p lo t t i ng  the  data  i s  i lJustrated i n  f igure  22, where 

the t r a j e c t o r i e s  of the points  of flow reversa l ,  t ha t  i s ,  separation ( 5 )  

and reattachment ( r ) ,  a re  p lo t ted  against  a. 

determined from zero crossings i n  p lo ts  l i k e  t h a t  i n  f igure 20b. The 

in te rsec t ion  of the  s and r t r a j e c t o r i e s  determines ai, i n  t h i s  case 

The values of s and r are 
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about 22.5 degrees, which compares w e l l  with the  values 22.2 degrees and 

22.4 degrees by the  methods already described. 

i n  a l l  cases,  t h i s  in te rsec t ion  apparently occurs at about one inch up- 

stream of the  corner, not a t  the  corner i t se l f .  The apparent s h i f t  may 

A curious result is t h a t ,  

be due t o  t h e  f i n i t e  height (0.05 in . )  of the  o r i f i c e  dams which, near 

flow reversa l ,  w i l l  project  out of the  separated region in to  the main 

flow and thus introduce e r ro r .  

between values of a. determined i n  t h i s  way with those found by the  in- 

dependent pressure kink method, correct ions have not been attempted. 

However, because of the good agreement 

1 

By these methods, values of a believed t o  be accurate t o  about 0.5 

degree have been determined. A summary of the incipient  separation 

conditions measured i n  t h i s  experiment i s  presented i n  table 2. The 

values tabulated for  the  r a t i o  (p  /p 1 o i  
The conditions tabulated i n  table 2 are plot ted i n  figures 23 and 24. 
Kuehn's interpolat ion ( ref .  1) of h i s  experimental results are presented 

in both f igures ,  and i n  figure 24 the  values predicted by t h e  correla- 

t i on  given i n  reference 6 are a lso  shown. 

i 

were obtained from reference 19. 

Figures 23 and 24 show t h a t  t he  t rend with Reynolds number, established 

experimentally by Kuehn a t  values of Rg 
lower than those of the  present experiments, does not continue t o  the 

high values of the present study; i n  f ac t ,  it i s  reversed. The excep- 
t i o n  t o  t h e  foregoing statement occurs at  M = 1.95 where no measurable 

change i n  the incipient  separation conditions w a s  detected. The reason 

fo r  t h e  reversal  i n  t rend is not immediately apparent from t h e  experi- 

mental  data available i n  the  literature, but it appears l i k e l y  tha t  the 
sublayer s t ruc ture  of t he  boundary layer  approaching t h e  corner plays 

a key r o l e  i n  t h e  separation process. 

nearly two order of magnitude 
0 

0 

Collectively,  t h e  results shown i n  f igure 23 indicate  t h a t  a min imum 

value f o r  a 
Furthermore, t he  da ta  suggest t h a t ,  fo r  constant Reynolds number, a 

may be approaching a l imi t ing  value w i t h  increasing Mach number. 

ex i s t s  as Reynolds number is varied a t  constant Mach number. 
i 

i 
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Figure 24 shows t h a t  the  correlat ion given i n  reference 6 does not hold 

at high R6 values -- a result not en t i re ly  unanticipated. This is 
because the  l inear  dependence of C established by the correlat ion 
leads t o  the  result tha t  the pressure rise for  incipient  separation 

continues t o  decrease indef in i te ly  with increasing Reynolds number; and 

since the plateau pressure i n  the free-interaction region of a f u l l y  

separated flow becomes independent of Cf 

t i o n  would occur at suf f ic ien t ly  high values of Reynolds number, Viz. ,  

the  plateau pressure would be higher than the pressure required for  

incipient  separation. 

0 

fo 

(ref. 5 ) ,  an impossible situs- 
0 

Separated Regions 

Though the present study w a s  directed primarily toward determining the 
condition for incipient separation, a few measurements were obtained at 
conditions where the boundary layer  w a s  well-separated (c f .  f igs .  91, 
10e, l l h ,  12g, 13g, 14d, 16e).  In  each case, the kink pressure at x = 0 

is close t o  the value given by Zukoski (ref. 5) for  the plateau pressure 
upstream of a forward-facing s tep a t  the same Mach numbers. However, a 
well-defined, constant-pressure, plateau region w a s  never observed. As 

we might expect for a > ai,  the length of the separated region increased 
with a. The slope of the pressure r i s e  near the beginning of the inter-  

act ion is about twice Zukoski's value fo r  the m a x i m u m  slope near the be- 

ginning of a fYee interact ion &ead of an upstream-facing step. 

not c iear  whether the difference is due t o  the difference i n  geometries, 

It i s  

or tha t  the flow i s  not suf f ic ien t ly  w e l l  separated i n  our examples. 

t he  other hand, one should possibly ask why the pressure rise is not even 

steeper,  since it is  prac t ica l ly  a jump for  a ai. The explanation may 

be t h a t  , after separation, the turbulent  or  even more-organized fluctua- 

t ions  are greater than in  the attached case, causing the foot of the  shock 
t o  o s c i l l a t e  and give an apparent spread of the pressure r i s e ,  as suggested 

by Zukoski (ref. 5 ) .  
traceable t o  d i f fe ren t  f luctuat ion amplitudes i n  the two geometries. 

On 

The differences noted above, may possibly be 

Reynolds number e f f ec t s  on the extent of the separation region are shown 

i n  figures 25 and 26, where the measured pressures are plot ted versus 
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x and x/&~, respectively.  

number produces a decrease i n  the sepasstion length,  i n  accordance with 

the t rend f o r  incipient  separation. 

The results show t h a t  an increase i n  Reynolds 

CONCLUDING REMARKS 

The finding tha t  res i s tance  t o  separation increases with increasing 

Reynolds number was  unexpected, but it is very c l ea r ly  shown by the  re- 
sults f o r  inc ip ien t  separation and the few data on separation length. 

Another important result was t h e  c l e a r  demonstration of a boundary-layer 

f l o w  i n  which the region of influence of  some t h i n  sublayer is  very small 
so t h a t  most of t he  boundary layer  m y  be treated simply as an inviscid,  

r o t a t i o n a l  flow. 

a number of authors. 
nature of a supersonic boundary layer  first described by Crocco and Lees 
(see,  fo r  example, r e f .  20); c l ea r ly  the boundary layer  was supe rc r i t i ca l  

in t he  present experiments. 

Such a model has been proposed, i n  various contexts,  by 

Another aspect concerns the subcritical/supercritical 

The phenomena a r e  perhaps less surpr is ing when it is  remembered that 

t h e  viscous sublayer thickness,  r e l a t i v e  t o  the overal l  thickness 6 ,  is  

(nearly) inversely proportional t o  the Reynolds number and, a t  the 

Reynolds numbers of these experiments, i s  very t h i n  indeed. S t i l l ,  the  

r e l a t ion  of the  viscous sublayer t o  the sublayer that  seems t o  be s igni f -  
i can t  here i s  not evident and, indeed, presents an int r iguing problem. 

Some understanding of t h i s  r e l a t ion  should throw l ight  on the  Reynolds 

number dependence and lead toward a more complete method of calculation. 

Unfortunately, p ro f i l e s  of the boundary layers  i n  the  in te rac t ion  region 

were not obtained. These would be a useful a id  for  both the development 
and tr ia l .  of theories .  It is  supposed t h a t ,  f o r  flow without separation, 
a calculat ion scheme similar t o  t h a t  used i n  the present study w i l l  a l s o ,  

provide the correct  veloci ty  p ro f i l e s  downstream of the shock; a ver l f i -  
cat ion of t h i s  would be useful. 

The results from the present experiment a l so  prompt one t o  speculate 

about the  course tha t  the incipient  separation angle would take with 
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still further increase of Reynolds number. 

when the angle became large enough to cause the foot of the shock to 
detach from the corner, as seems to be the case at M = 2. 

Possibly it would level off 
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Figure 19. Pressure Rise Through a Shock 
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Figure 22. Location of F low Reversal Points 
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